Previous works have established a unique function of MyoD in the control of muscle gene expression during DNA damage response in myoblasts. Phosphorylation by DNA damage-activated ABL tyrosine kinase transiently inhibits MyoD-dependent activation of transcription in response to genotoxic stress. We show here that ABL-MyoD signaling is also an essential component of the DNA repair machinery in myoblasts exposed to genotoxic stress. DNA damage promoted the recruitment of MyoD to phosphorylated Nbs1 (pNbs1)-containing repair foci, and this effect was abrogated by either ABL knockdown or the ABL kinase inhibitor imatinib. Upon DNA damage, MyoD and pNbs1 were detected on the chromatin to MyoD target genes without activating transcription. DNA damage-mediated tyrosine phosphorylation was required for MyoD recruitment to target genes, as the ABL phosphorylation-resistant MyoD mutant (MyoD Y30F) failed to bind the chromatin following DNA damage, while retaining the ability to activate transcription in response to differentiation signals. Moreover, MyoD Y30F exhibited an impaired ability to promote repair in a heterologous system, as compared with MyoD wild type (WT). Consistently, MyoD-null satellite cells (SCs) displayed impaired DNA repair that was rescued by reintroduction of MyoD WT but not by MyoD Y30F. In addition, inhibition of ABL kinase prevented MyoD WT-mediated rescue of DNA repair in MyoD-null SCs. These results identify an unprecedented contribution of MyoD to DNA repair and suggest that ABL-MyoD signaling coordinates DNA repair and transcription in myoblasts.
MyoD is a transcriptional activator of skeletal myogenesis during embryonic and postnatal life.
1-3 Although MyoD is competent to activate transcription of target genes in differentiating muscle cells, 4 its expression in proliferating, undifferentiated myoblasts, before their differentiation suggests that MyoD function can be extended beyond its ability to activate transcription.
The advent of genome-wide technology has permitted the identification of previously unanticipated MyoD targets, including genes implicated in the regulation of cell cycle, apoptosis and DNA repair. 5, 6 Moreover, the pervasive genome distribution of MyoD identified by chromatin immunoprecipitation (ChIP)-sequence studies 7 suggests a genomewide function of MyoD in the regulation of events distinct from the direct activation of muscle genes and consistent with a potential control of genome surveillance in myoblasts.
MyoD levels in proliferating muscle cell lines are cell cycle regulated, with peaks of expression detected in G1 and S phases. 8 This expression pattern differs from that of Myf5 8 and is reminiscent of the expression pattern observed during adult myogenesis, when MyoD expression is not detected in quiescent SCs, but is induced in SCs activated by regeneration cues. 9 An active role of MyoD during S phase is suggested by the impaired proliferation potential of MyoDnull SCs 10, 11 and by the recently identified S phase-specific function of MyoD in activating the transcription of genes implicated in DNA synthesis. 12 Collectively, these findings indicate a specific role for MyoD in activated SCs undergoing rounds of DNA replication after leaving quiescence. 13 Quiescent SCs are typically protected from genotoxic insults by their anatomical position (the satellite cell (SC) niche beneath the basal lamina of myofibers), which insulates them from environmental cues, 14 and by being confined to the G0/G1 phase of the cell cycle. Upon exposure to regeneration cues, SCs become exposed to multiple sources of genotoxic stress. For instance, muscle injury perturbs the myofiber architecture leading to disruption of SC niche and consequent exposure to potential genotoxins released by the regenerative environment. Moreover, activated SCs undergo multiple rounds of replication; hence, they are exposed to the replicative stress -the 'S-phase intrinsic' DNA damage arising from stalled replication forks. 15 Previous work has shown that MyoD is regulated by DNA damage signaling via ABLmediated tyrosine phosphorylation that inhibits the transcriptional potential of MyoD -a key event in the differentiation checkpoint triggered by genotoxic stress. 16 Recent work revealed that DNA damage-activated differentiation checkpoint is functional during developmental myogenesis and identified a unique ability to respond to DNA damage signaling that discriminates MyoD from Myf5. 17 The differentiation checkpoint coordinates DNA repair and muscle gene expression during cell cycle; 18 however, it is unknown how the repair and transcription machineries are alternatively and coordinately used in myoblasts exposed to genotoxic stress. 19 Here, we show that ABL-MyoD signaling is an essential component of the DNA repair machinery in activated SCs exposed to the genotoxic cues. Tyrosine phosphorylation by DNA damage-activated ABL directs MyoD recruitment to DNA repair foci at target genes and is required for MyoD-dependent DNA repair. MyoD-deficient SCs exhibit an impaired DNA repair activity that can be restored by reintroduction of MyoD wild type (WT) but not by a DNA damage-phosphorylation-resistant mutant. On the basis of these data, we propose that DNA damage-activated ABL signaling to MyoD coordinates the temporal execution of DNA repair and activation of muscle gene transcription.
Results
Following DNA damage, the recruitment of multiprotein complexes into foci at DNA lesions is the essential step to initiate DNA repair. The key initiators of DNA damage response (DDR) are the PI3K-like kinases ATM, ATR and DNA-PK, which propagate the DNA damage signaling by phosphorylating several downstream targets, including H2AX 20 and Nbs1 -a component of the DNA repair MRE11-RAD50-NBS1 complex. 21 Nuclear staining for phosphorylated H2AX (gH2AX) and pNbs1 readily appears after DNA damage with typical distribution in discrete foci, which mark the sites of active DNA repair. Indeed, C2C12 myoblasts exposed to distinct DNA-damaging agents showed punctate nuclear staining for gH2AX and pNbs1 that reflected the activation of DDR (Supplementary Figure 1) .
Upon DNA damage, the spatial redistribution of DNA damage-responsive proteins leads to the transient assembly of the repair machinery at the DNA lesions via indirect interactions. Proximity ligation assay (PLA) is the optimal technology to visualize colocalization of proteins that are in close proximity, often reflecting their simultaneous recruitment to specific sites rather than direct interactions, as it detects the fluorescence signal generated by two antibodies when bound to proteins close within least 30 nm 22, 23 (see also Materials and Methods). We used PLA to monitor the potential redistribution of MyoD and pNbs1 into nuclear foci. 21 PLA detected the colocalization of MyoD and pNbs1 in the nuclei of C2C12 myoblasts that were exposed to different sources of DNA damage (Figures 1a and b) , suggesting the coexistence of these proteins in large multiprotein complexes. DNA damage-activated ABL signaling to MyoD has been previously shown in C2C12 myoblasts, 16 and recent work established the biological role of MyoD phosphorylation by DNA damage-activated ABL in regulating skeletal myogenesis during mouse development. 17 We used shRNA technology to determine the role of ABL in DNA damage-dependent recruitment of MyoD at DNA damage foci in C2C12 myoblasts. ABL knockdown effectively reduced ABL protein levels ( Figure 1c) and completely abolished the formation of MyoD/pNbs1 foci in C2C12 myoblasts exposed to DNA damage (Figures 1a and b) . Moreover, pharmacological inhibition of the ABL kinase activity with imatinib demonstrated the requirement of ABL-mediated phosphorylation for the colocalization of MyoD and pNbs1 following DNA damage (Figures 1d and e) . Importantly, inhibition of ABL kinase did not affect the formation of pNbs1 foci, indicating the specificity of the inhibition of MyoD-pNbs1 colocalization (Figure 1f) . The data described above indicated an unprecedented recruitment of MyoD to DNA repair complex, in response to DNA damage-activated ABL, suggesting the possibility that ABL signaling to MyoD could be involved in DNA repair. We therefore investigated whether ABL-MyoD signaling could participate to the DNA repair in myoblasts exposed to DNA damaging agents. We used alkaline comet assay to evaluate the efficiency of DNA repair, and the relative contribution of ABL kinase in C2C12 myoblasts exposed to DNA damaging agents with or without pre-incubation with the ABL kinase inhibitor imatinib. The kinetics of tail moment reduction detected by the comet assay reflects the resolution of the DNA lesions generated by doxorubicin (DOX), as it correlated with the disappearance of gH2AX foci (Supplementary Figure 2) . After exposure to DOX, DNA damage was readily detectable in C2C12 myoblasts, with the ensuing DNA repair that was observed in control myoblasts but was dramatically impaired upon inhibition of ABL kinase (Figure 1g and Supplementary Figure 2) . To directly assess the role of ABL-mediated phosphorylation of MyoD in the repair process, we compared the ability of MyoD WT versus the phosphorylation-resistant Y30F mutant in DNA repair efficiency upon exposure to DOX (Figure 2a) . To avoid the presence of endogenous MyoD, we ectopically expressed either MyoD WT or Y30F mutant in mouse fibroblasts and then exposed them to DOX. Direct comparison of the repair kinetics in these two conditions showed that MyoD Y30F-expressing fibroblasts displayed an impaired ability to repair the DNA damage, as compared with MyoD WT (Figure 2a) . Consistently, gH2AX signal persisted in cells expressing MyoD Y30F mutant 48 h after the DNA damage but were not detected in cells expressing MyoD WT at the same time point (Figure 2b ). This evidence reveals the importance of ABL-mediated phosphorylation of MyoD in the DNA repair process.
MyoD is a transcription factor with a pervasive, genomewide chromatin distribution through interaction with E-box sequences. 7 We used ChIP to detect chromatin recruitment of MyoD upon exposure to DNA damage and the potential association with DNA repair proteins. We initially monitored the global chromatin recruitment of MyoD and pNbs1 by nanodrop quantification of immuno-purified DNA. To determine the role of ABL-mediated phosphorylation of MyoD, we ectopically expressed either myc-tagged MyoD WT or the ABL phosphorylation-resistant MyoD Y30F mutant in 10T1/2 fibroblasts and performed a comparative ChIP analysis. via ABL-mediated phosphorylation, 16 we asked whether MyoD/pNbs1 interactions could be detected on the chromatin of MyoD target genes. Re-ChIP experiments revealed the DNA damage-induced enrichment of myc-MyoD WT and pNbs1 on the chromatin of MyoD target genes, such as myogenin promoter and muscle creatine kinase (MCK) enhancer (Figure 3b ). By contrast, myc-MyoD Y30F/pNbs1 interactions were not detected on the chromatin of the same genes in fibroblasts exposed to DNA damage (Figure 3b ), despite similar (or even higher) expression levels of MyoD Y30F and MyoD WT (Figure 3c ). These results demonstrate that MyoD and pNbs1 are recruited to DNA damage repair foci on the chromatin of MyoD target genes, and ABL-mediated phosphorylation of tyrosine 30 is required for DNA damageinduced MyoD/pNbs1-chromatin interaction.
We next determined whether endogenous MyoD could be recruited to the chromatin of target genes in myoblasts exposed to different types of genotoxic agents ( Figure 3d ). In parallel, we evaluated the transcriptional output of DNA damage-induced chromatin recruitment of MyoD on target genes by monitoring their expression by real-time quantitative PCR (q-PCR; Figure 3e ). ChIP analysis revealed a DNA damage-induced association of MyoD to the regulatory elements of target genes, such as myogenin promoter and MCK enhancer, in myoblasts exposed to distinct genotoxic agents (DOX, methyl methane sulfonate (MMS), and hydrogen peroxide (H 2 O 2 ; Figure 3d , left panel). It is noteworthy that the magnitude of the chromatin enrichment was comparable to that detected after exposure to differentiation cues (differentiation medium (DM) conditions). No significant chromatin enrichment was observed on the IgH enhancer, which contains an E-box that is not bound by MyoD (Figure 3d , left panel). E-box-driven transcription of muscle genes by MyoD is typically accompanied by specific events, such as chromatin recruitment of coactivators and histone modifications permissive for transcription.
1, [24] [25] [26] In myoblasts, MyoD-mediated recruitment of acetyltransferases 27 to the chromatin generates localized hyperacetylation that was detected throughout the genome of myoblasts. 7 Interestingly, DNA damageinduced binding of MyoD on the chromatin of myogenin promoter and MCK enhancer correlated with histone hyperacetylation in undifferentiated myoblasts, albeit with a reduced extent as compared with differentiating myocytes (DM conditions; Figure 3d ). We therefore investigated the effect on chromatin of MyoD recruitment in response to DNA damage by monitoring additional histone modifications that reflect a chromatin conformation either repressive (H3K27 trimethylation; H3K27me3) or permissive (H3K4 trimethylation; H3K4me3) for transcription. In parallel, we monitored the engagement of serine 5 phosphorylated polymerase II (PolII-ser5) at the same genes. Supplementary Figure 3 shows that, at variance with DM-induced MyoD chromatin binding to target genes that correlated with local enrichment in H3K4m3 and PolII-ser5 engagement, DNA damage-induced MyoD binding to the same genes produced an opposite pattern, with increased H3K27me3, decreased H3K4me3 and absence of PolII-ser5 engagement, as compared with DM conditions. This evidence reveals two distinct modalities of MyoD recruitment to the chromatin of target genes, with opposite effects on transcription. MyoD recruitment to myogenin promoter and MCK enhancer upon DNA damage was also detected in fibroblasts ectopically expressing myc-MyoD WT (Figure 3f ). Instead, myc-MyoD Y30F was unable to bind myogenin promoter and MCK enhancer under the same experimental conditions, although its ability to bind these target genes under DM conditions was unaltered (Figure 3f ). Thus, DNA damage signaling directs the chromatin recruitment of MyoD to target genes, via tyrosine phosphorylation, without activating gene transcription.
ABL is expressed both in myoblasts and myotubes but is predominantly nuclear in proliferating myoblasts, whereas it relocalizes in the cytoplasm of differentiated myotubes. 16 In proliferating cells, ABL kinase activity is cell cycle regulated being the S phase permissive for activation of nuclear ABL.
28,29 Thus, we turned our interest on the ABL signaling to MyoD during the 'S-phase intrinsic' DDR. To investigate the relationship between MyoD, S-phase and activation of DNA damage signaling, we monitored the temporal expression of MyoD, 5-ethynyl-2 0 -deoxyuridine (EdU) incorporation and gH2AX staining in C2C12 myoblasts rendered quiescent by serum starvation and induced to re-enter the cell cycle by serum stimulation. This protocol significantly enriches for myoblasts transitioning through the S-phase between 24 and 36 h after serum stimulation. Quiescent myoblasts do not express MyoD (Figures 4a and d) , as previously reported, 8 and were negative for EdU incorporation (Figures 4a and c ) and gH2AX staining (Figures 4a and b) . However, a progressive enrichment of MyoD-expressing cells that incorporated EdU (Figures 4a and c) and displayed gH2AX staining (Figures 4a and b) was observed upon serum stimulation, indicating the relationship between MyoD expression and S-phase intrinsic DNA damage.
Upon injury, the simultaneous disruption of the SC niche and the exposure to regeneration cues activate SCs to undergo rounds of replication, thereby exposing them to various sources of genotoxic cues, including S-phase intrinsic DNA damage and oxidative stress. We therefore investigated the relationship between MyoD expression and the DNA damage signaling in injury-activated SCs undergoing replication. We monitored the expression of MyoD together with that of the SC marker Pax7 and the DNA damage signaling target gH2AX in the nuclei of SCs. In unperturbed muscles, quiescent SCs are typically marked as Pax7-positive/MyoD-negative cells and do not display gH2AX nuclear foci (Supplementary Figure 4) . In regenerating muscles, at 3 days post injury, we observed an increased number of Pax7-positive cells, some of which expressed MyoD and showed gH2AX nuclear staining (Supplementary Figure 4) . Notably, all MyoD-expressing cells were positive for gH2AX nuclear staining (Supplementary Figure 4) , indicating a tight correlation between MyoD expression and the appearance of gH2AX foci in injury-activated SCs. These data suggest that during muscle regeneration a DNA damage signaling is activated in MyoD-expressing SCs undergoing proliferation.
Although the key role of ABL in the differentiation checkpoint in C2C12 myoblasts and during development has been documented, 16, 17 whether ABL-MyoD signaling mediates a DNA damage-activated differentiation checkpoint during postnatal myogenesis (that is, muscle regeneration) has not been established. To address this question, we isolated SCs from single myofibers of ABL fl/fl mice and assessed their ability to differentiate into myosin heavy chain (MyHC)-positive myotubes upon exposure to DNA damage, Figure 5 ). This result confirms at the genetic level the essential role of ABL in mediating the DNA damage-activated differentiation checkpoint in satellite muscle cells.
We next evaluated the involvement of ABL-mediated phosphorylation of MyoD in DNA repair of SCs by performing alkaline comet assay in SCs isolated by FACS from wild-type or MyoD-null mice, and by determining the effect of reintroduction of MyoD WT or Y30F. SCs from wild-type mice showed a gradual and age-dependent increase in comet tail moment, which is a readout of unrepaired DNA lesions and reflects a progressive impairment in the DNA repair efficiency (Figure 5a ) that is typically observed in adult stem cells of aging organisms. 30, 31 Strikingly, MyoD-null SCs showed a consistently increased comet tail moment as compared with their wild-type counterpart, at all the ages analyzed, with the highest difference (almost fourfold increase) detected in 12-month-old mice (Figure 5a ). This finding indicates a deficiency in DNA repair ability of adult muscle stem cells lacking MyoD. As MyoD is expressed in SCs undergoing activation in response to developmental and regeneration cues, the increased DNA damage observed in MyoD-null SCs can be attributed to those cells that have participated to skeletal myogenesis during development and muscle turnover in adult life. We tested whether reintroduction of MyoD could restore DNA repair ability in MyoD-null SCs. SCs isolated from MyoDnull mice were exposed to DOX and their DNA repair ability was monitored at different time points for 48 h post DNA damage. DOX-treated MyoD-null SCs (mock DOX) showed a DNA damage signal that was not detected in undamaged (non-treated) MyoD-null SCs (mock nt; Figure 5b) . A significant delay of DNA repair response was observed in DOX-treated MyoD-null SCs, resulting in the incomplete repair of DNA 48 h after damage (Figure 5b) . Reintroduction of MyoD WT completely restored the DNA damage repair ability of MyoD-null SCs, with complete disappearance of detectable DNA lesions after 12 h from the exposure to DOX (Figure 5b) . Consistently, reintroduction of the ABL-resistant MyoD Y30F mutant did not restore the DNA repair ability of MyoD-null SCs (Figure 5b ). In addition, ABL inhibitor prevented MyoD WT-mediated repair in MyoD-null SCs (Figure 5c ), thereby confirming the essential role of ABL signaling to enable the repair activity of MyoD. These data indicate that MyoD is an essential mediator of the DNA repair machinery in muscle SCs and that this function is dependent on phosphorylation by DNA damage-activated ABL tyrosine kinase. The impaired DNA repair ability detected in MyoD-null SCs shown in Figures 5a and b suggests that unrepaired DNA lesions could accumulate over time in SCs within MyoD-null muscles in vivo, leading to a persistent DNA damage signaling that can be revealed by gH2AX staining. Muscle of 2-month-old wild-type mice did not show any Pax7-expressing SCs that was also positive for gH2AX staining, whereas sporadic, but reproducibly detectable, double-positive Pax7/gH2AX cells were observed in age-paired MyoD-null mice (Figures 5d and e) . A low amount of Pax7/gH2AX double-positive cells could be detected in 12-month-old wild-type mice; however, muscles of 12-month-old MyoD-null mice showed much higher number of Pax7-expressing SCs positive for gH2AX staining (Figures 5d and e) .
Discussion
The DDR of tissue progenitors, such as SCs, is relatively unexplored. This is surprising when considering the challenge posed to adult stem cells by the highly genotoxic environment within regenerating tissues. For instance, in response to muscle injury, previously quiescent SCs undergo several cycles of replication while being exposed to growth factors, differentiation and genotoxic cues released within the regenerating muscles. Simultaneous exposure to such a variety of signals might trigger different and potentially conflicting programs, such as proliferation, DNA repair and terminal differentiation. Thus, coordinated execution of these events might be crucial for the maintenance of the genomic stability of regenerating myofibers and to ensure their longterm performance. Our identification of MyoD as central effector of the DDR in SCs suggests an unprecedented mechanism by which the DNA damage signaling to a cell typespecific transcription factor might coordinate DNA repair and the differentiation program.
MyoD expression in SCs coincides with their activation and exposure to regeneration cues, including the S-phaseassociated DNA damage arising from the frequent stalling of the replication forks. The intra-S-phase DNA damage signaling leads to the activation of several downstream effectors, including the tyrosine kinase ABL. 29 We have previously demonstrated that DNA damage-activated ABL phosphorylates MyoD on tyrosine 30, leading to a reversible inhibition of its transcriptional ability. 16 We now show that ABL-mediated phosphorylation also promotes a previously unrecognized ability of MyoD to participate in DNA repair in myoblasts exposed to genotoxic insults. This finding suggests that phosphorylation of tyrosine 30 promotes a switch of function and transiently converts MyoD from being a transcriptional activator to an effector of the DNA repair. We propose that this switch might temporally prioritize the execution of the DNA repair toward the activation of the myogenic program by MyoD, according to the concept of DNA damage-activated differentiation checkpoint. 32 Although the precise mechanism that enables MyoD to contribute to DNA repair will be the object of future studies, our data suggest that DNA damage-dependent phosphorylation of the N-terminal of MyoD promotes its recruitment to the chromatin of target genes together with DNA repair factors, while inhibiting its transcriptional ability. This evidence suggests a model of DNA repair by transcriptional activators that is substantially different from the transcription-coupled repair but is rather consistent with a previously proposed ability of transcription factors to contribute to DNA repair. 33 Interestingly, an increase in histone acetylation at MyoDbound sequences was detected in response to DNA damage, possibly to favor the access of the repair machinery to the DNA lesions. 34 Although this might suggest a promiscuous use of components of transcriptional machinery to promote DNA repair, our data clearly indicate that DNA repair and transcriptional activities of MyoD rely on distinct mechanisms. Dissociation of these two activities is well provided by a MyoD mutant impaired in DNA repair activity (MyoD Y30F), which retains full transcriptional competence. 16 This is consistent with the notion that MyoD tyrosine phosphorylation by DNA damage-activated ABL inhibits the interaction with the transcriptional machinery and stimulates the DNA repair activity.
What is the biological impact of DNA damage regulation of MyoD activity? Our previous studies reported on an evolutionarily acquired genotoxic response that discriminates MyoD from Myf5 and differentially regulates hypaxial versus epaxial myogenesis. 17 This response during developmental myogenesis is likely finalized to ensure the correct formation and the genomic integrity of the adult musculature, and can be extended to the adult muscle progenitors -the SCs -once challenged by genotoxic threats. In both conditions, holding the differentiation program of muscle progenitors until the completion of the DNA repair prevents the formation of differentiated muscles with unresolved DNA lesions. This is of particular importance when considering that terminally differentiated myotubes have an impaired DNA repair machinery. 35 Thus, the correct execution of the DNA damage-activated differentiation in muscle progenitors safeguards the genome integrity of differentiated myofibers.
An impaired ability of MyoD to respond to the DNA damage might lead to an aberrant activation of muscle gene expression before the completion of DNA repair, leading to the accumulation of unrepaired lesions and to the progressive loss of the genomic integrity of the myofibers. Moreover, defective DNA damage signaling to MyoD might impair the DNA repair ability of the satellite returning quiescence, and therefore progressively affect the genomic integrity of the reserve pool of muscle stem cells. Overall, the progressive accumulation of genomic instability can impair the performance of differentiated myofibers and the regeneration potential of SCs, two typical features observed in aged muscles. Because of the intimate relationship between DNA damage, genetic instability, cellular senescence and age-dependent decline of muscle performance, the DNA damage-activated differentiation checkpoint might be an essential regulator of muscle aging.
Another possible outcome of deregulated DDR in SCs is a constitutive activation of DNA damage signaling, which might arise in conditions of aberrant regeneration, such as the repeated cycles of regeneration of dystrophic muscles that expose SCs to an increased frequency of S-phase events and to a genotoxic environment. Recent studies have reported on the genetic instability of muscles from different models of muscular dystrophies, 36 suggesting that the high 'regenerative pressure' of dystrophic muscles might overcome the ability of MyoD to safeguard the genome integrity. For instance, the constitutive activation of IGF1 signaling in dystrophic muscles can overcome the DNA damageactivated differentiation checkpoint in SCs 18 and force the accretion of 'corrupted' genetic material to regenerating myofibers, thereby compromising their function. Future studies should determine whether an altered DNA damage signaling to MyoD contribute to the pathogenesis of muscular dystrophies.
Materials and Methods
Cell culture and treatments. The murine C2C12 skeletal muscle cells, C3H10T1/2 fibroblasts and 293 ampho-packaging cells were cultured in growth medium (GM; Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine). Muscle differentiation was induced by incubating cells in DM (DMEM supplemented with 2% horse serum (HS)).
Single muscle fibers with associated SCs were isolated as described in Rosenblatt et al. 37 Briefly, the hind limb muscles were digested with collagenase and single myofibers were plated on matrigel (Sigma (St. Louis, MN, USA) 1 mg/ml ECM gel)-coated dishes in GM1 (DMEM supplemented with 10% horse serum (Gibco-Invitrogen, Carlsbad, CA, USA), 0.5% chick embryo extract (MP Biomedicals, Santa Ana, CA, USA) and penicillin-streptomycin (Gibco) at 37 1C. Three days later, the medium was replaced with proliferation medium (GM2 -20% FBS, 10% HS and 1% chick embryo extract in DMEM) to promote proliferation of detached cells (delaminated SCs). After 4-5 days, the cells were allowed to differentiate replacing the medium with DM (2% HS and 0.5% chick embryo extract in DMEM).
Genotoxic treatments were carried out by incubating cells in GM for 12-16 h to the following DNA-damaging agents: 0.4 mM DOX, 75 mM MMS and 50 mM H 2 O 2 . The acute treatments were carried out for 1 h with the following dosage: 3 mM DOX and 250 mM MMS. In SCs the acute treatment was performed with DOX (1.5 mM).
Where indicated, cells were pretreated with the pharmacological Abl inhibitor imatinib 5 mM for 12 h. SCs were pretreated with the pharmacological Abl inhibitor imatinib (2.5 mM) for 12 h.
For synchronization experiment, 2 Â 10 4 C2C12 were plated in 60-m dishes and shifted into 0.1% FBS for 48 h in order to achieve cellular quiescence. Stimulation with 20% FBS medium was performed to synchronously restart the cell cycle. Cells were harvested at time points 6, 24 and 30 h post serum stimulation. Two hours before cellular fixation, cells were exposed to 10 mM EdU pulse. SCs derived from ABL fl/fl mice 17 were infected with adeno-GFP-CRE or adeno-GFP-control. After 4-5 days, the cells were allowed to differentiate replacing the medium with DM (2% HS and 0.5% chick embryo extract in DMEM). GFP expression marked successfully infected cells, whereas disappearance of bgal staining indicated successful CRE-LOX recombination and gene deletion in infected SCs.
Mice and in vivo procedures. MyoD-null mice (C57/BL10 strain) were kindly provided by Dr. Rudnicki and were compared with their normal counterpart. ABL fl/fl mice have been previously described. 17 Muscle injury was performed by intramuscular injection of 10 À 5 M cardiotoxin (Sigma). We injected 60 ml of 10 À 5 M cardiotoxin into quadriceps, 40 ml into gastrocnemius and 20 ml into tibialis anterior.
All experimental procedures were approved by the internal Animal Research Ethical Committee according to the Italian Ministry of Health and complied with the NIH Guide for the Care and Use of Laboratory Animals.
Cell preparation and FACS analysis. For FACS of SCs from wild-type or MyoD-null mice, hind limb muscles were minced and digested in HBSS (Gibco) containing 2 mg/ml collagenase A (Roche, Indianapolis, IN, USA), 2.4 U/ml dispase I (Roche), 10 ng/ml DNase I (Roche), 0.4 mM CaCl 2 and 5 mM MgCl 2 for 90 min at 37 1C. Cells were stained with primary antibodies (10 ng/ml) CD31-PacificBlue (Invitrogen), CD45-eFluor450 (eBioscience, San Diego, CA, USA), Ter119-eFluor450 (eBioscience), Sca-1-FITC (BD Pharmingen, San Diego, CA, USA), CD34-Biotin (eBioscience) and a7integrin-APC (kindly provided by Dr. Rossi) for 30 min on ice. A subsequent incubation, 30 min on ice, with Streptavidin-PE-Cy7 (1/500; BD Pharmingen) was performed. Cells were finally washed and resuspended in HBSS containing 0.2% (w/v) BSA and 1% (v/v) penicillin-streptomycin. Flow cytometry analysis and cell sorting were performed on a DAKO-Cytomation MoFlo High Speed Sorter. SCs were isolated as Ter119 À /CD45 À /CD31 À /CD34 þ /a7-integrin þ /Sca-1-cells.
Proximity ligation assay. C2C12 cells were plated on coverslips and treated as indicated. Cells were fixed with 4% paraformaldehyde for 10 min at room temperature (RT) and incubated 10 min with 0.1% triton in PBS. Rehydration was performed with PBS washes. Blocking was performed using the Duolink blocking solution following the manufacturer's indication (Duolink in situ PLA kit, Olink, Uppsala, Sweden). Cells were then incubated at 37 1C overnight with anti MyoD (5.8, Dako, Glostrup, Denmark) and PNbs1 (Epitomics, Burlingame, CA, USA) primary antibodies. The incubation with the PLA probes, hybridization, ligation, amplification, detection and mounting was performed following Duolink kit indications (Duolink in situ PLA kit, Olink). Nuclei were counterstained with DAPI.
Images were acquired with Zeiss LSM5 Pascal confocal microscope (Carl Zeiss, Oberkochen, Germany) and analyzed with the Blobfinder software 22 that was used to localize and quantify the blobs per nuclei. The average of blobs per nuclei in at least 10 cells from three independent experiments ±S.E.M. is reported in the graphs.
Alkaline comet analysis. C3H10T1/2 mouse fibroblasts, C2C12 muscle cells and SCs from wild-type and MyoD-null mice were treated with 1.5 mM DOX for 1 h, and then the medium was replaced to wash out the treatment and cells were harvested at different time points. Cells were analyzed for DNA breaks and repair kinetics as previously described 18 with minor modifications. Single cells were analyzed with 'TriTek Cometscore version 1.5' software (Tritek Corporation, Sumerduck, VA, USA). The tail moment was used as the measure of DNA damage. One hundred cells for each experimental point were scored.
Histology and immunofluorescence. For immunofluorescence experiments, tibialis anterior muscles were snap frozen in liquid nitrogen-cooled isopentane and then cut transversally.
Cryosections (10 mm) were fixed in 4% PFA for 20 min and permeabilized with 100% methanol for 6 min at À 20 1C. To avoid unspecific binding, muscle sections were first blocked with a solution containing 4% BSA in PBS and then with antimouse AffiniPure Fab fragments (Jackson, 1 : 100). Immunostaining with anti-Pax7 (Developmental Studies Hybridoma Bank, University of Iowa, IA, USA) and g-H2AX (Upstate, Lake Placid, NY, USA) was performed overnight at 4 1C after antigen retrieval with 100 mM sodium citrate. Cy2-conjugated anti-rabbit (Jackson Laboratory, Bar Harbor, ME, USA ) and biotin-conjugated anti-mouse (Jackson) secondary antibody followed by another incubation with Cy3-conjugated streptavidin (Jackson) were used to reveal g-H2AX and Pax7 signal. Nuclei were visualized by counterstaining with To-Pro3 (Invitrogen).
Cells for immunofluorescence were plated on coverslips and SCs were plated on matrigel-coated coverslips. Cells were fixed with 4% PFA for 10 min, permeabilized with 0.5% Triton/PBS and blocked with 4% BSA in PBS for 1 h at RT. The following primary antibodies were used: MyoD (5.8, Dako), g-H2AX (Upstate), PNbs1 (Epitomics) and MyHC (MF20). Immunostaining with primary antibodies was performed for 1 h at RT. Antibody binding was revealed using species-specific secondary antibodies coupled to Alexa Fluor 488 or 543 (Molecular Probes, Eugene, CA, USA).
Where indicated, DNA synthesis was revealed by using the EdU Kit from Invitrogen.
Images were acquired at Â 40 or Â 63 using Zeiss LSM5 Pascal confocal microscope. Fields reported in the figures are representative of all examined fields. Images were assembled using ImageJ software (NIH, Bethesda, MD, USA) and Photoshop software (Adobe Systems Incorporated, San Jose, CA, USA).
Western blot. Total cell extracts (lysis in 50 mM Tris-Hcl pH 8, 125 mM NaCl, 1 mM DTT, 5 mM MgCl 2 , 1 mM EDTA, 10% glycerol and 0.1% NP-40 supplemented with PMSF and protease inhibitor cocktail) were resolved in SDS polyacrilamide gels and transferred to nitrocellulose membranes (hybond-XL Amersham). Anti Abl Ab3 (Calbiochem, San Diego, CA, USA, kindly provided by D. Barila), MyoD 5.8 (Dako) and anti tubulin alpha (DM1A, neomarkers) were used as primary antibodies. HRP-conjugated secondary antibodies were revealed with the ECL chemoluminescence kit (GE healthcare, Little Chalfont, UK).
RNA extraction and RT-PCR. Total RNA was extracted using Trizol according to the manufacturer's instructions and 0.5-1.0 mg of RNA were retrotranscribed using the reverse transcription kit (Applied Biosystems, Foster City, CA, USA). ChIP and re-ChIP. ChIP assay was performed as previously described. 39 The following antibodies were used: anti-acetylated histone 3 (Upstate) 
Conflict of Interest
The authors declare no conflict of interest.
